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Abstract—South Africa has limited oil reserves and its 
transportation sector mostly depends on imported petroleum 
products. Renewable fuels, such as biodiesel, have potential to 
extend and diversify South African energy supply, and help the 
nation to cope with energy security and emissions issues. The 
renewability and environmental benefits of biodiesel have been 
illustrated in several life cycle assessment (LCA) studies. South 
Africa is in initial phase of establishing large scale commercial 
biodiesel industries and it is sensible to measure biodiesel’s life 
cycle performance. This study uses secondary data from 
literatures to develop a life cycle inventory on farming, crushing 
and conversion capacity of soybean and then conduct LCA of 
soybean biodiesel production in South Africa. The LCA results 
indicate that soybean biodiesel is renewable, environmentally 
sustainable and economically viable. Soybean biodiesel yields 
125% more useful energy than the energy requires to make it, 
saves 31.5% GHG emissions compared to fossil diesel, and on 
average returns 1.39 times the cost of the energy input. 
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I.  INTRODUCTION 
The estimated proven oil reserves of South Africa is about 
15 million bbl [1]. The annual consumption of diesel fuel in 
South Africa has exceeded the amount that the nation can 
annually produce, thus converting a diesel exporting nation to 
diesel importing nation (Figure 1). In 2014, the diesel fuel 
accounted for about 43% of the energy consumed by the 
transportation sector [2]. Developing renewable fuels, such as 
biodiesel, is essential to extend and diversify South Africa’s 
energy supply, which will help reduce nation's dependence on 
imported fuels and carbon footprint, and save heavy foreign 
exchange spent on imported oil. In addition, the establishment 
of biofuel industry can create additional employment 
opportunities in communities of South Africa [3].  
In 2007, the government of South Africa established 
Biofuels Industrial Strategy to promote biofuels, which 
recommended sunflower, canola and soybeans as biodiesel 
feedstock [4]. According to the strategy, biodiesel falls within 
the South African fuel tax net and hence biodiesel companies 
only receives 50% rebate on the general fuel levy [3]. The 
regulation allows for 5% blending of biodiesel [5]. About 200 
small scale plants are currently producing biodiesel in South 
Africa, mostly using waste vegetable oil as feedstock [6]. 
South Africa’s biodiesel production in 2012 was reported to be 
only 4770 litres per day, which only accounted for 0.007% of 
the worldwide biodiesel production [7]; however few 
commercial biodiesel plants are in pipeline [8]. 
 
 
 
 
       
Figure 1.  Production, consumption, imports and exports of diesel fuel in 
South Africa [9] 
The production of biodiesel requires some non-renewable 
resources, e.g. use of fossil fuel to power farm equipment, 
hence the amount of fossil energy, emissions and cost 
associated with biodiesel must be measured over the entire life 
cycle of its production. Life cycle assessment (LCA) is a 
sustainability tool which is widely being used to quantify 
energy and environmental flows associated with the production 
and use of biodiesel. According to ISO standards, LCA 
includes four major phases, namely: (i) Goal and scope 
definition, including system boundary; (ii) Life cycle inventory 
(LCI) analysis; (iii) Impact assessment; and (iv) Interpretation 
[10]. A system boundary defines what to include or exclude in 
the assessment. LCI accounts for all the inputs and outputs 
within the system boundary. The environmental impacts of LCI 
results are evaluated in impact assessment, and finally the 
results of the study are interpreted and significant issues are 
identified in the interpretation phase. 
Several LCA studies have already established the 
renewability and environmental benefits of soybean biodiesel 
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[3, 11-14]. Since, South Africa is in initial phase of establishing 
large scale commercial biodiesel industries, it is sensible to 
measure the performance of biodiesel production over its life 
cycle. The purpose of this study is to conduct LCA to assess 
energy, greenhouse gas (GHG) emissions and economics of 
producing soybean biodiesel in South Africa. Furthermore, the 
result from this study will assist policymakers to support 
biodiesel that is renewable and accounts for the least burden to 
environment and economy of the country. 
II. METHODOLOGY 
The system boundary applied in the LCA model included: 
(i) soybean agriculture, (ii) soybean transport, (iii) soybean 
crushing, (iv) oil transport, (v) soy-oil conversion, and (vi) 
biodiesel distribution (Figure 2). LCI was developed using 
secondary data from literatures, which included all materials, 
and direct and indirect sources of energy used during the 
production of soybean biodiesel. LCI also included energy 
content of energy sources, such as fertilizers, pesticides and 
fossil fuels.   
A. Energy Life Cycle Assessment 
Energy life cycle assessment, or ELCA, accounts for all the 
energy inputs and compares it with energy output of the final 
biodiesel [10]. ELCA was used to measure the renewability of 
biodiesel in terms of fossil energy ratio (FER) [7-8, 10]. FER 
can be defined as the ratio of biodiesel output energy to its 
share of energy required to produce it, and can be expressed as 
(1).  
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Where, Eb is energy in biodiesel, E1 is energy input for soybean agriculture, transport and crushing; f1 is mass fraction of soy-oil; E2 is energy used during soy-oil transport and soy-oil conversion; f2 is mass fraction of biodiesel; and E3 is energy input for biodiesel transport.  
During the production of biodiesel, soy meal and crude 
glycerine are also produced as co-products. These co-products 
share inputs in some way, hence it is essential to deduct co-
product share of soy meal and crude glycerine from the LCA 
estimates of energy and GHG emissions. A mass based 
allocation method was used to allocate energy and emissions to 
the various co-products (i.e. soy meal, crude glycerine) by their 
relative weights (Figure 2). It was reported that the crushing of 
soybeans yields 11.49 lb oil per bushel and 49.38 lb soy meal 
per bushel, and transesterification process yields 0.11 ton crude 
glycerine per ton of biodiesel [15]. Thus, the values for f1 and f2 were estimated to be 18.9% and 90.1%, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  System boundary and co-product allocation                         
[adopted from 10 & 16] 
B. Environmental Life Cycle Assessment 
Anthropogenic GHG’s (CO2, CH4 and N2O) were used to estimate the net GHG emissions. Material and energy inputs in 
the biodiesel production process were used to estimate the 
GHG emissions. All emissions were reported as CO2-equivalent (CO2e) using global warming potential (GWP) values from the Second Assessment Report of the 
Intergovernmental Panel on Climate Change, which assesses 
the GWP of CH4 as 21 and N2O as 310 for a 100-year horizon [13].  
C. Economic Life Cycle Assessment 
Economic life cycle assessment was conducted to assess the 
economic viability of producing biodiesel. The economic 
viability of biodiesel was determined using the economic 
sustainability ratio (ESR) [17]. ESR is defined as the ratio of 
the economic value of biodiesel to its share of the economic 
value of input energies required to produce it, and can be 
expressed as (2). 
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Where, Eb is energy in biodiesel; Cb is unit energy price for biodiesel; Eai is energy input in soybean agriculture and soybean transport from energy source i; Ci is per unit energy cost from source i; Eoi is energy input in soy-oil extraction and soy-oil transport from source i; Eti is energy for soy-oil conversion and biodiesel transport from source i; and fi is 
fraction of the biodiesel revenue from the process co-products 
according to their fair market value. 
The current market values of the biodiesel and co-products 
were used to estimate the co-product allocation to calculate 
ESR. Based on the most recent market value, the prices of soy 
oil, soy meal, biodiesel and crude glycerine are 40.91 US 
cents/lb and 22.72 US cents/lb, 61.74 US cents/lb and 9 US 
cents/lb, respectively [18]. 
III. RESULTS 
The list of inputs and outputs for LCA is shown in table 1. 
Life cycle energy equivalent was determined by adjusting 
embedded energy with life cycle efficiency of respective 
inputs. After adjusting the inputs by life cycle energy 
equivalent and allocating energy by co-products, the FER of 
biodiesel was estimated to be 2.25 (Table 2).  
GHG emissions were estimated by multiplying inputs with 
energy equivalent and GHG factors. After adjusting for co-
products, the final GHG emission from soybean biodiesel was 
estimated to be 31.5% lower than that of fossil diesel (Table 2). 
The cost per unit energy was determined by multiplying inputs 
with energy equivalent and current market values. The total 
cost was adjusted for co-product credits and the final ESR 
value was estimated to be 1.39. ESR does not represent overall 
return on investment, rather it accounts for the energy 
requirement and the market value of that energy. 
TABLE I.  LCI OF SOYBEAN BIODIESEL PRODUCTION IN SOUTH AFRICA 
Inputs Amount Used Life Cycle Energy Equivalent (MJ) 
Soy Farming: 
Seed 
Nitrogen 
Phosphorus 
Potassium 
Pesticides 
Lime 
Crude Oil 
Coal  
Electricity 
Soil N2O 
Yield 
(per ha) 
72.2 kg 
7.0 kg 
25.0 kg 
8.0 kg 
1.4 kg 
800 kg 
79.1 kg 
16.0 kg 
326.7 kWh 
22.5 kg 
1700 kg 
 
[19] 
[15] 
[15] 
[15] 
[15] 
[20] 
[15] 
[15] 
[15] 
[20] 
[15] 
 
4.7 kg-1 
51.5 kg-1 
9.2 kg-1 
6.0 kg-1 
319.0 kg-1 
0.12 kg-1 
44.8 kg-1 
23.2 kg-1 
10.3 kWh-1 
 
[11] 
[14] 
[14] 
[14] 
[14] 
[21] 
[11] 
[22-23] 
[8, 24-25] 
Soy Transport: 
Diesel 
(per ha) 
2.52 L 
 
[15] 
 
42.5 L-1 
 
[12] 
Oil Pressing: 
Electricity 
Steam 
(per kg oil) 
0.13 kWh 
0.67 kg 
 
[15] 
[15] 
 
10.3 kWh-1 
28.4 kg-1 
 
[8, 24-25] 
[22-23] 
Oil Transport: 
Diesel 
(per kg oil) 
0.0015 L 
 
[15] 
 
42.5 L-1 
 
[12] 
Oil Conversion: 
Coal 
Electricity 
Methanol 
KOH 
HCl 
(per kg bd) 
0.012 kg 
0.3 kWh 
0.11 kg 
0.012 kg 
0.01 kg 
 
[15] 
[15] 
[15] 
[15] 
[15] 
 
23.2 kg-1 
10.3 kWh-1 
33.8 kg-1 
1.9 kg-1 
1.7 kg-1 
 
[22-23] 
[8, 24-25] 
[22] 
[26] 
[11] 
 
 
 
TABLE II.  ESTIMATION OF FER, GHG EMISSIONS AND ESR OF 
SOYBEAN BIODIESEL PRODUCTION 
Inputs 
Fossil 
Energy 
Use 
(MJ/L of 
BD) 
GHG (gCO2e) 
Factor 
gCO2e/ 
GJ of 
BD 
Cost (US 
₵/L of 
BD) 
Soy Farming: 
Seed 
Nitrogen 
Phosphorus 
Potassium 
Pesticides 
Lime 
Crude Oil 
Coal  
Electricity 
Soil N2O 
 
1.096 
1.162 
0.740 
0.154 
1.441 
0.322 
11.43 
1.195 
10.82 
 
0.19 g-1 
3.6 g-1 
1.2 g-1 
0.8 g-1 
25.8 g-1 
0.6 g-1 
0.26 g-1 
2.46 g-1 
2.14 Wh-1 
 
[11] 
[27] 
[27] 
[27] 
[27] 
 
[27] 
[27] 
[27] 
 
1345 
2509 
3060 
648 
3571 
47387 
2011 
3877 
68967 
15606 
 
12.26 
0.71 
4.04 
0.80 
1.73 
28.83 
21.47 
0.39 
66.73 
Soy Transport: 
Diesel 
 
0.291 
 
89.77 MJ-1 
 
[28] 
 
949 
 
0.64 
Oil Pressing: 
Electricity 
Steam 
 
1.401 
19.99 
 
2.14 Wh-1 
3.77 g-1 
 
[28] 
[28] 
 
8927 
81035 
 
8.64 
6.57 
Oil Transport: 
Diesel 
 
0.056 
 
89.77 MJ-1 
 
[28] 
 
187 
 
0.12 
Oil Conversion: 
Coal 
Electricity 
Methanol 
KOH 
HCl 
 
0.246 
2.724 
3.290 
0.020 
0.015 
 
2.46 g-1 
2.14 Wh-1 
0.7 g-1 
1.98 g-1 
0.92 g-1 
 
[28] 
[28] 
[29] 
[29] 
[29] 
 
799 
17356 
2219 
641 
247 
 
0.08 
16.80 
17.11 
2.32 
0.17 
BD Transport:  
Diesel 
 
0.287 [22] 
   
689 [22] 
 
0.63 
BD Combustion    663 [27]  
Co-products:  
Soy Oil 
Biodiesel 
 
18.9% 
90.1% 
   
18.9% 
90.1% 
 
33.0% 
98.5% 
Total: 
Without co-product 
With co-product 
 
56.67 
14.52 
   
262691 
61456 
 
152.75 
69.02 
Biodiesel energy 
content (MJ/L) 
Fossil energy ratio 
(FER) 
 
32.68 [11] 
 
2.25 
    
Diesel GHG Emissions (gCO2e/GJ) 
GHG reduction for biodiesel relative to diesel (%) 
89775 
[28] 
31.5 
 
Biodiesel Price (US ₵/L) 
Economic Sustainability Ratio (ESR) 
95.61 [30] 
1.39 
 
Soybean agriculture and soy-oil conversion uses 72% of the 
total energy inputs and emits over 70% of the total GHG 
emissions (Figure 2). The intensive use of energy sources (e.g. 
electricity, crude oil, etc.) and energy associated with the 
production of input materials (e.g. fertilizers, pesticides, etc.) 
during soybean farming and conversion contributed to the high 
energy usage and GHG emissions. Electricity, crude oil and 
coal contribute about 68% of the total energy inputs. Lime 
contributes about 32% of agricultural GHG emissions and 18% 
of the total GHG emissions. Likewise, soybean agriculture and 
soy-oil conversion shares over 90% of the energy cost. 
Electricity shares about half of the energy cost.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Share of biodiesel sub-systems 
IV. CONCLUSION 
The FER of soybean biodiesel was estimated to be 2.25, i.e. 
biodiesel yields 125% more energy than the energy required to 
produce it. This shows that biodiesel has more useful energy 
than the energy used to make it. The production and use of 
soybean biodiesel reduced GHG emissions by 31.5% compared 
to that of fossil diesel. The ESR value of 1.49 indicates that 
making biodiesel on average returns 1.49 times the cost of the 
energy input. This shows the higher economic value of the 
energy from biodiesel and indicates that biodiesel can be self-
sustaining for given market prices for different energy sources. 
The LCA results indicate that soybean biodiesel is renewable, 
environmentally sustainable and economically viable. 
Incomplete and lack of updated data is the biggest 
challenge of conducting LCA. Due to the unavailability of data 
on land use and building materials, these data were not 
included in the LCI. The recent advances has reduced the use 
of energy during agricultural processes and improved energy 
efficiency in biodiesel processing technology [11-12], which is 
suggested to improve the LCA results. Most of the data used in 
this study are old and hence it is recommended to update the 
database and conduct LCA on regular basis as the agricultural 
and energy inputs differ every year. 
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